Although the micro-organisms forming the cutaneous microbiota are considered to play important roles in the modification and prevention of skin diseases, a comprehensive analysis of their composition has not yet been carried out because of difficulties in determining yet-to-be-cultured micro-organisms in the samples. Swab-scrubbed forehead skin samples of five healthy volunteers were analysed by profiling 16S rRNA genes, as well as by conventional culture methods, to provide a profile of the cutaneous microbiota that included yet-to-be-cultured bacteria from normal human skin. Cluster analyses of the 16S rRNA gene sequences indicated a marked increase in diversity compared with that derived from the culture methods. Nineteen previously recognized species and 13 novel phylotypes were obtained from the analysis of 416 clones. In addition to well-known bacteria such as Staphylococcus epidermidis and Propionibacterium acnes, phylotype A, the 16S rRNA gene of which is 97 % similar to that of Methylophilus methylotrophus, was detected in three of the five samples, in one of which it was the predominant clone. Culture-independent genetic profiling of 16S rRNA genes for detecting human cutaneous microbiota has allowed us to detect potentially novel components of the cutaneous microbiota in humans.
INTRODUCTION
The microbiota of human skin is unique and complex, and is made up of a mixture of different groups of micro-organisms: facultative anaerobic bacteria, such as Propionibacterium acnes; aerobic bacteria, such as Staphylococcus epidermidis; and fungi, such as Malassezia furfur (Fredricks, 2001) . These micro-organisms are relatively minor members of the flora of other human organs, suggesting that the skin constitutes a front-line defence system with a unique hostparasite relationship. The identification, quantitation and characterization of micro-organisms in the skin microbiota all have a potential clinical impact, because their presence could affect the proliferation of other, pathogenic bacteria that play a crucial role in triggering various common diseases. For example, P. acnes (Leyden, 2001) and Staphylococcus aureus (Leyden et al., 1974) are involved as putative pathogens in acne and atopic dermatitis, respectively. Furthermore, some commensal bacteria of the human skin can inhibit other bacteria (Selwyn, 1975) , indicating a critical role for the interactions among bacterial species. Until now, however, technical difficulties in the isolation of bacteria which have never been cultured in vitro have not allowed the microbial population as a whole to be described.
In this context, novel technical approaches besides culture are obviously necessary to detect yet-to-be-cultured microorganisms, to allow us to formulate a true picture of the skin microbiota. Sequence analysis of the bacterial 16S rRNA gene is one method that can circumvent some of these difficulties (Ward et al., 1990) ; the 16S rRNA gene is a small-subunit rRNA gene known to display species-specific evolutionary variation of the gene sequence (Nelson et al., 2000) . The 16S rRNA gene is present in all known bacteria and its conserved region is suitable for amplification, and thus convenient for identification (Fredricks, 2001) . 'Universal' primers for the gene make it possible simultaneously to amplify the genetic regions of mixtures of bacteria, including clusters of yet-tobe-cultured microbial species. Such unidentified species are known as phylotypes (Frank et al., 2003; Hayashi et al., 2002; Zhou et al., 2004) , operational taxonomic units (OTUs) (Suau et al., 1999) and species-level operational taxonomic units (SLOTUs) (Pei et al., 2004) . The current study was designed to determine the human skin microbiota by the The GenBank/EMBL/DDBJ accession numbers for the 16S rRNA gene sequences of novel phylotypes (phylotypes A-M) are AB161079-AB161091.
bacterial 16S rRNA profiling method. The method allowed us to detect a wide range of bacteria residing in the skin of healthy human subjects and to reveal novel phylotypes.
METHODS
Subjects. The experimental protocol was approved by the Ethics Review Committee of RIKEN. Five healthy volunteers [(a) 32 year old male, (b) 55 year old female, (c) 22 year old male, (d) 31 year old female, (e) 26 year old female] participated in the study. They did not use medicated soap in their daily life, and all except volunteer (d) did not use cosmetics daily. They were advised not to wash or touch, or apply cosmetics to, the forehead skin (the sampling area) for at least 12 h prior to the commencement of the study.
Collection of samples.
The open end of a sterile plastic cylinder, with an area of 4 . 9 cm 2 , was manually placed on the forehead skin. The area inside was scrubbed using a sterile swab (Nissui) moistened with anaerobic dilution liquid for 30 s. The dilution liquid consisted of 4 . 5 g KH 2 PO 4 , 6 . 0 g Na 2 HPO 4 , 0 . 5 g L-cysteine HCl.H 2 O, 0 . 5 g Tween 80 and 1 . 0 g agar per litre H 2 O, pre-saturated and sealed with 100 % CO 2 gas. The tip of the swab was then broken with the wall of a glass tube containing 1 ml of the dilution liquid, so that the wet tip was dropped into the fluid without contamination. After sampling, the tube was immediately capped and shaken for 30 s using a vortex mixer to suspend the bacteria. A volume of 300 ìl of the suspension was used for the culture method and 200 ìl was used for the 16S rRNA gene clone library.
Culture method. The collected samples were serially diluted from 10 À1 to 10 À5 using the anaerobic dilution liquid. Fifty microlitres each of the 10 À1 , 10 À3 and 10 À5 dilutions were plated out on three non-selective agar plates: trypticase soybean (TS) agar (Becton Dickinson) supplemented with 5 % horse blood (Nippon Bio-Test), Eggerth-Gagnon (EG) agar (Merck), and glucose-blood-liver (BL) agar (Nissui). TS agar was cultured aerobically at 37 8C for 2-3 days. EG and BL agars were cultured anaerobically in anaerobic steel-wool jars (Hirayama Manufacturing) filled with 100 % CO 2 at 37 8C for 7 days. On each agar plate, at least one area for the 10 À1 , 10 À3 or 10 À5 dilutions had 4-400 colonies, and these areas were selected for analysis. At least four representative colonies, including all colony morphologies, were selected for identification. Cell morphology was examined microscopically by Gram staining, and colonies with comparable macroscopic features were counted to calculate c.f.u. per millilitre (and per 4 . 9 cm 2 of the skin surface), and then subcultured under aerobic or anaerobic conditions on EG agar. The subcultured strains were identified using sequence analysis of the 16S rRNA gene, as described below.
DNA extraction. One loop of each subcultured strain was suspended in 400 ìl of 10 % Triton X-100 (Sigma), heated to 95 8C for 5 min and then cooled to 4 8C for 2 min to extract the bacterial DNA. This lysate was subsequently used for amplification of the 16S rRNA coding region for identification of the cultured colonies by PCR sequencing.
The suspension collected for the clone library was centrifuged at 15 000 g for 2 min to form a pellet. The pellet was suspended in 500 ìl bead solution (UltraClean Soil DNA kit, Mo Bio Laboratories), then lysozyme (5 mg ml À1 final concentration) and N-acetylmuramidase (1 mg ml À1 final concentration) were added for degradation of the bacterial cell wall. After incubation at 37 8C for 30 min, the pellet was treated with proteinase K (2 mg ml À1 final concentration) and SDS (1 %, w/v, final concentration), with constant shaking using a FastPrep instrument (Bio 101), to degrade the bacterial cell. The mixture was incubated at 70 8C for 5 min and then the UltraClean Soil DNA kit was used for extracting the DNA. This lysate was subsequently used for amplification of the 16S rRNA coding region for constructing clone libraries.
Amplification of the 16S rRNA gene. Two universal primers, 27F (59 AGAGTTTGATCCTGGCTCAG 39) and 1492R (59 GGTTACCTTGT-TACGACTT 39) (Lane, 1991) , were used to amplify the bacterial 16S rRNA gene coding region. Amplification reactions were performed in a total volume of 50 ìl containing 2 . 5 ìl DNA solution extracted either from colonies isolated by culture or from primary sample suspensions, 1 . 25 U TaKaRa Ex Taq (TaKaRa Bio), 5 ìl Ex Taq buffer (TaKaRa Bio), 4 ìl dNTP mixture (200 ìM each final concentration) and 5 pmol of each primer. PCR amplifications were performed in a T1 Thermocycler (Biometra) with the following program: 95 8C for 3 min, followed by 30 cycles consisting of 95 8C for 30 s, 50 8C for 30 s, 72 8C for 1 . 5 min, and a final extension period of 72 8C for 10 min. The amplified DNA was purified using an UltraClean PCR Clean-up kit (Mo Bio Laboratories).
16S rRNA gene clone library. 16S rRNA gene clone libraries were constructed as described by Hayashi et al. (2002) . The amplified DNA was purified using an UltraClean PCR Clean-up kit. A purified amplicon was ligated into the plasmid vector pCR 2.1, then transformed into One Shot INVAEF9 competent cells using the Original TA Cloning kit (Invitrogen). For each sample, 96 transformants were picked from the agar plates. The transformants were inoculated into 23 LuriaBertani liquid medium using 96-deep-well blocks and incubated at 37 8C, 1000 r.p.m., for 16 h. The cultured transformants were lysed and their plasmid DNA was extracted using the MultiScreen 96-well filter plate kit (Millipore).
DNA sequencing and phylogenic analysis. 16S rRNA genes from both subcultured strains and clone libraries were used as templates for sequencing. The anterior third of the 16S rRNA gene (Escherichia coli position 27-520) was used for sequence analysis. The dideoxy chain termination reaction was conducted in both directions using 27F and 520R (59 ACCGCGGCTGCTGGC 39) primers (Lane, 1991) with a double-stranded DNA template and the BigDye Terminator Cycle Sequencing kit (Applied Biosystems). The products were analysed by an ABI PRISM 3100 DNA analyser system (Applied Biosystems). The data obtained for both directions were aligned and manually corrected using AutoAssembler 2.1 software (Applied Biosystems). The nucleotide sequences were checked by the Chimera Check program (Ribosomal Database Project II, http://rdp.cme.msu.edu) (Cole et al., 2003) to eliminate chimeras which could result from the amplification of an accidental mixture of bacterial genes; however, no chimeric sequences were detected. Nucleotide sequences were analysed by a BLASTN search (European Bioinformatics Institute, in DDBJ homepage, http:// www.ddbj.nig.ac.jp) (Altschul et al., 1997) for the nearest matches. Then, sequence alignments were done using CLUSTALW (Thompson et al., 1994) software (European Bioinformatics Institute). The nucleotide substitution rate was calculated, and the phylogenetic trees were constructed by the neighbour-joining method (Saitou & Nei, 1987) using NJplot software (Pô le Bio-Informatique Lyonnais). A bootstrap resampling analysis (Felsenstein, 1985) of 100 replicates was performed to estimate the confidence of tree topologies. The estimation of diversity coverage was calculated by Good's method (Good, 1953) , according to which the percentage of coverage was calculated with the formula (%) ¼ [1À(n/N)] 3 100, where n is the number of phylotypes represented by one clone only and N is the total number of sequences.
The term 'phylotype' is used for clusters of clone sequences which differ from known species by more than 2 % and are at least 98 % similar to members of their cluster (Suau et al., 1999) . Phylotypes that have been reported in the DDBJ, EMBL and GenBank databases are called 'known phylotypes', and the rest of the phylotypes are called 'novel phylotypes'.
RESULTS AND DISCUSSION
In the present study, the gene-profiling method allowed us to reveal a more comprehensive view of skin microbiota, including yet-to-be-cultured bacteria, than that previously achieved. The results of our sequence analysis demonstrated the presence of a variety of species and phylotypes of bacteria formerly undetected in the skin microbiota. These bacteria had not been detected in the skin until now, possibly because appropriate in vitro culture conditions had not been employed.
Sampling site
Previous culture-based studies have revealed that skin microbiota differ widely among different sites of the body (Marples & McGinley, 1974; Marples, 1982) . To investigate the host-parasite relationship under physiologically steadystate conditions, we chose the forehead skin as the sampling site for five reasons. First, the site is considered to maintain a tight host-parasite relationship, through enriched nutrient supplementation and by the antibiotic peptides of sebaceous secretions (Evans, 1975) . Secondly, the site has a stable moisture level (Evans, 1975) , and variations in moisture levels make surface conditions variable. Thirdly, the site is not generally covered with clothes, which differ widely from individual to individual and also with climatic conditions. Fourthly, the number of bacteria is much larger than that of most other sites, so that even if contamination occurs, it will be relatively small as a proportion of the total. Finally and most importantly, the site is suspected from a clinical microbiological point of view to participate in many pathological skin conditions, such as atopic dermatitis in adults and acne.
Culture analysis
P. acnes and Staphylococcus species were cultured in all samples (Table 1 ). The total c.f.u. cm À2 varied from 3 . 7 3 10 4 to 1 . 2 3 10 6 . In four of the five samples, the majority (more than 92 % of the total c.f.u.) of the isolated bacteria were P. acnes. In sample (d), in contrast, P. acnes, Propionibacterium granulosum and S. epidermidis constituted the majority of the bacterial population, and Streptococcus mitis/salivarius was also isolated. From all samples, Staphylococcus species were isolated in relatively smaller numbers; all species were coagulase-negative. S. aureus was not cultured in any samples examined in this study, confirming the status of the healthy volunteers examined in the present study. All the cultured bacteria were classical known members of the skin microbiota and the total c.f.u. cm À2 of the samples was of the same order as that reported previously (Evans, 1975; Marples & McGinley, 1974) . The bacterial count was comparable to the results of molecular analysis, although it was not possible to describe the variation of the microbiota due to the limited number of isolates subjected to the identification procedures. (Table 2) . Ten species were previously reported members of the skin microbiota and nine were other known species. The majority of the clones (257 clones, 62 %) were those of P. acnes, which constituted the predominant member in culture analyses. Three species of the genus Acinetobacter, which were not detected in culture analysis, were detected by the molecular technique (16 clones, 4 %). On the other hand, 73 clones (18 %) were classified into 13 phylotypes (Table 3 ). The 13 phylotypes thus determined were named A to M, respectively, according to the number of clones detected for each individual phylotype.
The phylogenetic tree showed a large diversity of the bacterial community, which consisted of firmicutes, actinobacteria, cyanobacteria, bacteroidetes and proteobacteria (Fig. 1) . At Table 1 . Culture analysis of bacterial species isolated from forehead swabs of five healthy volunteers the genus level, the detected bacteria were classified into 24 genera, which indicates a much greater diversity than that of the formerly established resident bacteria, which consists of eight genera (Chiller et al., 2001) . At the species level, the detected bacteria were classified into 19 species and 13 phylotypes, which included only 10 resident bacterial species formerly identified through culture methods (Tables 2 and 3 ) (Chiller et al., 2001; Marples & McGinley, 1974) . All 19 species and 13 phylotypes were listed according to the total number of clones detected, as seen in Table 4 . All samples exhibited the presence of one or more of the newly detected phylotypes, although the distribution of the individual phylotypes was heterogeneous among the samples.
Among the novel members, phylotype A was detected in three of five samples and was the predominant clone in sample (c). This phylotype may be a common but disregarded member of the skin microbiota, and its nature and role as a major member should be investigated to understand the state of the bacterial community as a whole. To clarify whether the phylotype is a universal member of the skin microbiota commonly residing in humans, specific rather than universal primers should be used because of their ability to detect the phylotype efficiently even for fewer cells.
We also detected typical antibiotic-resistant opportunistic pathogens (Quinn, 1998) in skin microbiota in relatively high numbers. Three species of the genus Acinetobacter were detected in four of five samples and Stenotrophomonas maltophilia was detected in two of five samples; both genera cause a variety of fatal systemic infections in immunocompromised subjects, such as bacteraemia, pneumonia, endocarditis and pyelonephritis (Bergogne-Bérézin & Towner, 1996; Senol, 2004; Vartivarian et al., 1996) . Since they are ubiquitous in the environment, e.g. in soil, tap water and crops (Seifert et al., 1997; Senol, 2004) , these genera are able to survive harsh environmental conditions that occur through a wide range of physical and chemical changes. As a result, they may be able to survive the rapidly changing conditions of the surface of the skin. On the other hand, these genera have not been detected as major members of the microbiota in concise molecular analyses of the gastrointestinal tract, vagina and outer ear canal (Hayashi et al., 2002; Pei et al., 2004; Suau et al., 1999; Zhou et al., 2004; Frank et al., 2003) . These findings suggest that the skin microbiota may be a reservoir of such opportunistic pathogens derived from the environment, and suggest a unique host-parasite relationship for such environmental micro-organisms.
S. aureus is a clinically important transient bacterium producing various kinds of skin-damaging exotoxins and is suspected to play certain roles in skin diseases (Leyden et al., 1974) . It was not detected in either our culture or our molecular analyses. Although there is a possibility that it was not detectable due to technical reasons, this is consistent with the fact that S. aureus is rarely isolated from the exposed skin of healthy humans (Ogawa et al., 1994) .
Technical limitations
PCR-based techniques suffer from possible biases due to the differential lysis of bacteria, the primers used in PCR, and the preferential cloning of PCR products (von Wintzingerode et al., 1997) . As a result, there is a possibility that clone numbers do not reflect the proportion of bacterial cell numbers. The additional usage of a different primer set may result in the detection of other bacteria (Hayashi et al., 2004) .
Our molecular analysis of skin microbiota is essentially descriptive. As a result, a problem arises in that it is impossible to determine whether the bacteria detected are genuine previously disregarded skin residents, or whether they are transient, or indeed only contaminants placed on the skin before sampling. For example, Stenotrophomonas spp., Bradyrhizobium spp. and Acidovorax spp. are frequently detected in water-distribution systems in developed countries (Norton & LeChevallier, 2000; Williams et al., 2004) , and Acinetobacter spp., Dietzia maris and Bacillus spp. are commonly found in soil and in lakes. To ensure that they were not laboratory contaminants, we analysed four moistened swabs as negative controls of sampling materials and four separately prepared PCR mixes (data not shown), and we detected no 16S rRNA gene in them. Ideally, contemporaneous controls should have been performed at the time of sampling. Nevertheless, these results indicate that, if present, the contamination of reagent and sampling material was relatively infrequent.
Comparison with other molecular analyses
Our culture-independent 16S rRNA gene analyses successfully identified a variety of novel bacteria which have not been detected in similar analyses of other human organs, such as the gastrointestinal tract (Hayashi et al., 2002; Pei et al., 2004; Suau et al., 1999) , the vagina (Zhou et al., 2004) and outer ear canal (Frank et al., 2003) .
The outer ear canal has features histologically comparable with those of facial skin. Both consist of squamous epithelium containing hair and are located on the uncovered outer surface of the human body, although the types of sweat glands are different (the outer ear canal contains apocrine sweat glands) (Kennedy, 1998) . However, the molecular bacterial profile of outer ear fluid reported by Frank et al. (2003) was not consistent with our skin microbiota results. More than 87 % of the clones were of species not detected in our study: Alloiococcus otitis, Corynebacterium otitidis and Staphylococcus auricularis. This reflects the diversity in the host-parasite relationship among organs and sites on the outer surface of the human body.
The skin microbiota changes with the skin condition. Hill et al. (2003) examined a biopsy specimen from a chronic leg ulcer using culture-independent analysis. The majority of the 16S rRNA gene clones obtained in the study were relatives of Proteus sp. and Morganella sp., which were undetected in our study. Such a difference could result from differences in the skin surface: skin ulcers have a raw dermal surface moistened with exudate, and the growth conditions are entirely different from the epidermal surface of normal skin as a microbiological milieu.
Conclusions
The involvement of known species of the microbiota in common skin diseases such as acne and atopic dermatitis has been established by conventional culture analyses (Leyden et al., 1974; Leyden, 2001; Selwyn, 1975) . Although it is possible that the bacteria detected in this study included some transient bacteria of environmental origin, our results indicate that the total diversity of the skin microbiota is greater than previously considered. The micro-organismrelated aetiology of skin diseases should be fully defined in the future by analysing the overall microbial community, including the novel members. Studies are currently under way in our departments to compare the microbiota identified in both patients and normal subjects, to reveal the nature and roles of such micro-organisms.
In conclusion, by means of a 16S rRNA gene clone library, we detected 22 potentially novel members of the skin microbiota, comprising 9 species and 13 phylotypes. Our results indicate that the culture-independent genetic profiling of the 16S rRNA gene is a powerful tool for investigation of the skin microbiota. Further study is required to determine the occurrence of these organisms in the human skin microbiota and their roles in health and disease.
